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Abstract 
 
 
The lowering of solid oxide fuel cells (SOFCs) working temperatures by means of new 
electrolyte materials is a key factor for their commercialization. In view of this, proton 
conducting electrolyte materials are promising candidates for the development of 
intermediate temperatures SOFCs. Among them, various doped barium cerate 
compounds, such as BaCe1-xYxO3-δ, showed high proton conductivity. As a drawback, 
cerates are chemically unstable in the presence of CO2-containing atmospheres, such as 
in case of hydrocarbon fuelled SOFCs. Conversely, doped barium zirconates exhibited 
high chemical stability but lower proton conductivity. The proton conductors having the 
partial substitution of Ce by Zr in doped barium cerate, having a composition such as 
BaCe0.65Zr0.2Y0.15O3-δ (BCZY), evidenced both high conductivity and chemical stability.  
Recently, considerable efforts have been directed towards IT-SOFCs based on thin 
electrolyte films, in order to minimize the internal ohmic loss. At present, different methods 
have been studied for the deposition of full density BCZY thin coatings. However, the 
common techniques have often demonstrated to be unsuccessful on obtaining dense 
BCZY thin film, unless using very high sintering temperatures. 
The radio frequency (RF) sputtering technique has been preferred in this research, since it 
is a powerful and versatile tool to deposit mixed oxide dense thin films in a wide thickness 
range on various substrates. The results on deposition by RF magnetron sputtering of 5-10 
m BCZY films on NiO-BCZY anodic porous substrates are presented. The investigation 
has been focused on the relationship between various process parameters (deposition 
rate, target-substrate distance, sputtering atmosphere composition, RF power supply, 
substrate heating during the deposition process, etc.) and structure and morphology of the 
coatings. Moreover, substrates having different porosity and prepared by different methods 
were tested. The optimization of the RF parameters allowed the deposition of dense and 
crystalline BCZY complex oxide films. 
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 Introduction 
 
The lowering of Solid oxide fuel cells (SOFCs) working temperatures by means of new 
electrolyte materials is a key factor for their commercialization. In view of this, high-
temperature proton conductors are promising candidates as electrolytes for Intermediate-
Temperature SOFCs (IT-SOFCs) due to low activation energy for proton conduction 
(1,2,3). Among them, barium cerate ceramics, such as BaCe1-xYxO3-δ, showed high proton 
conductivity, particularly when doped with 15 or 20% of Y, reaching values around 10-2  
Ω-1cm-1 at 600°C (4). As a drawback, doped BaCeO3 has poor chemical stability in the fuel 
cell environment. In particular, in hydrocarbon or syngas fueled SOFCs, barium cerates 
easily react in a CO2-containing atmosphere and can decompose into barium carbonate 
and cerium oxide (5). Conversely, doped barium zirconates exhibited high chemical 
stability but lower proton conductivity. Therefore, new proton conductors having the partial 
substitution of Ce by Zr in doped barium cerate have been recently developed, having a 
composition such as BaCe0.65Zr0.2Y0.15O3-δ (BCZY) that evidenced both high conductivity 
and chemical stability (6,7).  
Recently, with the aim of decreasing the working temperatures, considerable efforts have 
also been directed towards IT-SOFCs based on thin electrolyte films, in order to minimize 
the internal ohmic loss. However, as to BCZY based electrolytes, anode supported half-
cells have only been prepared by classical methods such as a co-pressing and co-firing 
processes (8,9) or spray method (10).  
To achieve thin films, the radio frequency (RF) sputtering technique has been preferred in 
this research, since it is a powerful and versatile tool to deposit mixed oxide dense thin 
films in a wide thickness range on various substrates, as demonstrated in the case of the 
deposition of gadolinia doped ceria (GDC) thin films on porous NiO-GDC cermets (11). To 
this end, the deposition by RF magnetron sputtering of ~ 2-10 m BCZY films on NiO-
BCZY anodic porous substrates has been investigated in this work. 
 
 
     1. Scientific Approach 
 
The deposition by RF magnetron sputtering of ~ 2-10 m BCZY films on Ni-BCZY and 
NiO-BCZY anodic porous substrates has been investigated. The investigation has been 
focused on the relationship between various process parameters (deposition rate, target-
substrate distance, sputtering atmosphere composition, RF power supply, substrate 
heating during the deposition process, etc.) and structure and morphology of the coatings. 
Moreover, substrates having different porosity and prepared by different methods were 
tested. The optimization of the RF parameters allowed the deposition of dense and 
crystalline BCZY complex oxide films. The morphology, density and crystalline state were 
verified by scanning electron microscopy (SEM) and X-ray diffraction (XRD).  
 
 
2. Experiments 
 
Sputter depositions of BCZY films were performed by an RF magnetron sputter system in 
argon or argon/oxygen atmospheres. The sputter chamber was evacuated to 10-7 mbar 
before sputtering process. The magnetron source was optimized in order to confine the 
plasma density close to the target region and to increase the sputtering rate. Moreover, an 
auxiliary magnet was added to optimize the plasma confinement and to achieve a 
homogeneous deposition on the cermet substrates having a 2.5 cm diameter. The BCZY 
target was purchased by Kurt J. Lesker Company. 
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 Various process parameters were monitored and optimized, such as the argon pressure, 
the RF power and the distance between target and substrate. The argon pressure was 
finally set between 0.5 and 2 ×10-2 mbar. When the reactive atmosphere was investigated, 
Ar:O2 ratios between 3:1 and 10:1 were tested. A 5 cm distance between target and 
substrate was chosen. RF powers up to 10 W cm-2 were tested resulting in deposition 
rates up to about 0.7 m/h. The final coatings thickness ranged between ~ 2 and ~ 10 µm. 
The film thickness was estimated by means of a mechanical profiler (Tencor P-10 profiler, 
Tencor, USA).  
The depositions were carried out on Ni-BCZY or NiO-BCZY porous cermet anodes. The 
cermet anodes were prepared by uni-axially pressing and sintering at 1400°C in air or by 
tape casting. Ni:BCZY=50:50 wt% mixtures were chosen. The tapes were produced by 
mixing the desired amounts of nickel oxide, BCZY and pore former with the azeotropic 
mixture of methyl ethyl ketone (MEK, Sigma-Aldrich) and ethanol (EtOH, Sigma-Aldrich) 
as solvent and glycerine trioleate (GTO Fluka) as dispersant. Poly-vinyl-butyral (PVB) 
(Butvar B98, Monsanto Co. St Louis, MO, USA) was selected as binder and polyethylene 
glycol (PEG-400, fluka) and benzyl butyl phthalate (BBP) (S160, Monsanto Co, St. Louis, 
MO, USA) were used as plasticizer in 1:1 weight ratio. Standard colloidal processing 
technique was used for the preparation of the tape casting slurry. In the first stage solvent 
and dispersant were mixed with NiO powder by ball-milling in polyethylene jar for 24 hours 
to ensure good dispersion. The binder and the BCZY powder were added in a second 
stage to allow a better homogenisation with NiO. Additional 24 hours of ball-milling were 
necessary when additional binder was used. In the third step the plasticizers were added 
together with the pore former and milled for 24 hours. The mixed suspension was de-aired 
under vacuum and casted on a Mylar carrier to obtain green tapes of dry thickness of 
about 700 µm. 
 
 
3. Results 
 
Within the RF sputtering deposition conditions optimized in this study, a linear relationship 
between deposition rate and RF power was verified, whereas at argon pressure higher 
than 3x10-2 mbar the deposition rate decreased. The optimization of parameters, such as 
plasma confinement and the distance between target and substrate, allowed to obtain 
coatings having homogeneous composition and thickness with a satisfactory deposition 
rate.  
The BCZY coatings were initially deposited on quartz, in order to study the process. 
However, the as-deposited samples were highly amorphous. Tape casted cermets were 
therefore investigated, in order to check the influence of a crystalline substrate on the film 
crystallization. The characterization of the coatings deposited in reactive sputtering 
conditions showed dense but highly amorphous films. Figure 1 reports, as an example, the 
XRD spectrum recorded for a BCZY film, 2.5 m thick, deposited in Ar/O2 environment on 
a cermet anode. Some peaks related to BCZY phase were detected, together with some 
peaks due to cerium oxide phase, beside the presence of an amorphous background. 
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Figure 1. XRD spectrum of a BCZY film, 2.5 m thick, deposited in Ar/O2 environment  
on NiO-BCZY anode (the asterisks indicate the NiO phase of the substrate). 
 
The temperature of the substrates during the depositions was measured and ranged 
between room temperature up to around 160°C in the case of 10 W cm-2 power supplies. 
This temperature resulted insufficient to obtain crystalline films. Therefore, a heating 
system based on heating lamps was introduced in the vacuum chamber. The substrates 
were heated to 400°C during the deposition process inducing the crystallization of the 
coatings. Figure 2 shows the XRD diffractogram (A) of a film deposited in the same 
conditions of the film of Figure 1 except for the deposition temperature (400°C). Although 
the higher temperature induces higher coating crystallization, some peaks related to 
cerium oxide and to other oxides were detected other than those related to BCZY and NiO.  
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Figure 2. XRD diffractrograms of (A) a ~ 5 µm film deposited on NiO-BCZY substrate at 
400°C and Ptot= 1.2x10-2 mbar; (B) a ~ 2.5 µm film deposited at 400°C and Ptot = 2.1x10-2 
mbar, compared to the spectrum of BCZY powder (the asterisks indicate the NiO phase).  
 
Only for total pressures higher than 2x10-2 mbar with Ar:O2 ratios around 4:1 single phase 
BCZY coatings were detected, as observed in the spectrum (B) in figure 2. In the case of 
lower pressures, a mixture of single oxides was always obtained. 
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 Some depositions tests were also performed on reduced Ni-BCZY in Ar flux obtaining 
dense and crystalline films. XRD analyses revealed however that in the absence of oxygen 
in the gas flux the films were mainly composed by a mixture of the single oxide species. 
Besides the crystalline state, the morphology was highly influenced by the process 
parameters, as observed in figures 3 and 4. In fact, lower pressures induced higher film 
densification while higher pressures induced highly crystalline films having slightly lower 
density but higher adhesion to the substrates.  
Figure 3 reports the surface (a) and fracture (b) SEM micrographs of a ~ 3 m BCZY film 
deposited in reactive atmosphere (Ptot = 1.2x10-2 mbar) and without the substrate heating: 
a dense and partially crystalline structure was observed.  
 
    
Figure 3. Surface (a) and fracture (b) SEM micrographs of a ~ 3 m BCZY film deposited 
in reactive atmosphere (Ptot = 1.2x10-2 mbar) and without the substrate heating. 
 
The surface and fracture SEM micrographs reported in Figure 4a, related to a BCZY 
coating deposited at higher pressure (2.1x10-2 mbar) and with the substrate heating 
(400°C) showed a highly crystalline and dense film. On the contrary, a film deposited in the 
same conditions but with lower total pressure (~5x10-3 mbar) showed a dense and smooth 
coating (figure 4b), although XRD analyses indicated the lack on single phase BCYZ.   
 
   
Figure 4. a) surface and fracture (in the inset) SEM micrographs of a BCZY coating 
deposited at 2.1x10-2 mbar and 400°C; b) surface and fracture (in the inset) SEM 
micrographs of a BCZY coating deposited at 5x10-3 mbar and 400°C. 
 
(a) (b) 
(a) (b) 
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 Therefore, although highly dense and smooth films were obtained at lower pressures, total 
pressures higher than 2x10-2 mbar, Ar:O2 ratios around 4:1 and the substrate heating are 
the essential conditions to obtain dense and crystalline single phase BCZY films, unless a 
crystallization process by a post-deposition thermal treatment is performed on the films 
deposited at lower pressure.  
To conclude, this work demonstrated the feasibility of a RF sputtering process for the 
deposition of BCZY thin films (2-10 m) on porous substrates. The testing of half-cells 
prepared by this method are underway. 
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